. Hardwood bearing elements were often used in historical constructions [31] . Properties of long-term inbuilt wood are important for analyses of the existing structures as well [26] .
In order to use hardwood in practice in constructions, it is necessary to have theoretical knowledge of its behaviour, e.g. discussed by Ammann in [1] , where he examines adhesion in order to describe the delamination behaviour of glue joints. Tran et al. in [32] and [33] presented experimental research of glue beech and oak timber beams. Hunger et al. in [14] describes experimental research of glued-in rods in hardwood glulam elements (ash, beech). Miklečićin [21] examines properties of thermally modified beech wood. Moosavi et al. [23] focused on hornbeam wood and effects of altitude on bending creep behaviour.
More viewpoints influence the suitability of use of specific wood. The dominant viewpoint is the resource availability, which reflects the most important criterionmaterial price. In addition, it is necessary to take into account mechanical and physical properties of selected wood. Solutions to complicated decision-making situations, when a large number of often contradictory criteria are frequently dealt with by multiple criteria analyses, are described by Ginevičius [15] , Liu [19] , Maityand Chakraborty [20] , Montajabiha [22] and others.
Regarding the needs of the evaluation of the most suitable hardwood for constructions, the climate-tolerant hardwood species with the largest share in the recommended forest tree species composition in the Czech Republic were selected. According to [16] , the area of broadleaf forests in the Czech Republic should reach 35.6 % of the total forest area in contrast to the current 25.6 %. The increase in hardwood timber stock in Europe is also mentioned in [1] , [29] and others. Forests in the Czech Republic are currently formed by predominantly coniferous forest land areas, with spruce occupying more than 50 % of coniferous forest land areas. However, spruce areas are gradually decreasing. According to [16] , broadleaf forests are predominantly formed by beech with 7.7 % and oak with 7 % of the total broadleaf forest land area.
According to [16] , the largest areas in the recommended forest tree species composition concerning broadleaf forests will be occupied by beech (18 %), oak (9 %), lime (3.2 %), maple (1.5 %), and hornbeam (0.9 %). The highest increase is expected for beech. Lime was excluded from the whole group, since its wood is soft and fragile and is unsuitable for construction purposes.
The following species of hardwood were evaluated for their use in building constructions for bearing elements: (i) European beech (Fagus silvatica), (ii) common oak(Quercusrobur), (iii) common hornbeam (Carpinusbetulus), and (iv) Norway maple (Acerplatanoides).
MATERIAL AND METHODS
The aim of the decision-making process is to find the most suitable species of hardwood for the use in building constructions. Good properties of wood in comparison with other materials particularly include low density, easy workability and connectability, and strength. Price, which is closely related to the supply of specific wood on the market, pays an important role as well. Regarding the use for bearing elements, the shape stability, which is generally worse for hardwood than for coniferous wood, needs to be taken into account [13] , [18] . However, this property can well be eliminated by laminating, i.e. using construction elements from glue laminated (GL), or cross laminated timber(CLT), as mentioned e. g. in [30] , [34] and others.
The evaluation criteria are selected so that individual variants can be well assessed, i.e. to find properties with the highest effect on the price of timber, building structures from a given material and its physical and mechanical properties.
The following evaluation criteria were selected: bending strength, elasticity modulus, compression strength, density, shrinkage, occurrence of knots and straight grains, workability and increase in forest land area.
Criteria input values
The values of some properties were experimentally tested on the samples of evaluated wood (bending strength, elasticity modulus, compression strength, occurrence of knots and faults), the others were taken over from specialized literature.
The values specified by specialized publications for the same wood differ considerably, e.g. according to [28] density of oak and hornbeam differ marginally (by 0.1 %), while according to [18] , they differ by 17.7 %. Therefore, the properties with a high variance of values needed to be determined with the use of specialized literature and their validity verified. The samples of all experimentally tested wood were taken from a single supplier, who received them from more localities from the Czech Republic. The supplier arranged the preparation of all testing samples for the use of the same production procedures.
Bending strength
Bending strength was experimentally determined on samples with dimensions of 25  25  475 mm. In total, 30 samples from each wood were tested; the test complied with standard ČSN EN 408 [4] , see Fig.  1 .Loading was applied with constant speed until the failure. Maximum effective force was determined and loading F and deformation w over time for the calculation of elasticity modulus, see section 2.1.2., were continuously recorded. 
Fig. 2 Strength testing values by four-point bending method expressed in a box chart
Regarding the results of the experimental bending tests (see Fig. 2 ), beech wood has the highest average bending strength with the value of 108.4 N/mm 2 , oak wood has the lowest value reaching 91.7 N/mm 2 . The resulting values of bending strength are compared to literature in Tab. 1.
Elasticity modulus
Tests for elasticity modulus were performed simultaneously together with bending strength tests, i.e. on the same samples. The experiment is described in section 2.1.1. Fig. 3 (left) shows behaviour of compared hardwood in load-deflection curve, formed by average values of deflection w in relation to average force F . The curves show that in order to reach the same value of deflection w, it is necessary to use the biggest force F for beech and the lowest for maple. In contrast, maple reaches the biggest deflection at the use of the identical force. Oak and hornbeam wood behaved similarly in the experiment; however, oak wood bending occurred at the lower force than hornbeam wood bending.
The highest value of elasticity modulus (see Fig. 3 [4] , see scheme in Fig. 5 left. Samples were produced with dimensions of 25  25  300 mmin the number of 30 pcs for each wood species, loading surfaces were adjusted so that their parallel relationship and perpendicularity to the axis of the sample were maintained.
Hornbeam wood reached the highest compression strength values (Fig. 4 right) [18] (to the value for 12% moisture converted from the value for 15% moisture according to [7] ) 58 57 73 58
Density
Wood density is based on the content of water. For better handling with construction elements it is generally preferable to use the elements of lower weight. On the other hand, higher density leads to better mechanical properties of wood (strength, elasticity moduli). Wood of higher density has higher biological resistance as well [17] , [27] .
Density was determined in compliance with standard ČSN 49 0108 [6] on the samples for tests of bending strength and elasticity modulus parallel to grains. Moisture of the samples was determined by the weight method in compliance with EN 13183-1 [11] .
Final values of bending strength are compared with the values available in specialized literature in Table 4 . Based on the experimental test results, maple has the lowest density of 556 kg/m 3 from the examined wood at the moisture of 0 %, while hornbeam has the highest density of 667 kg/m 3 .
Shrinking
According to ČSN EN 844-4 [5] , shrinking is defined as a reduction of wood dimensions caused by decrease in moisture. Due to anisotropic wood structure, considerable differences in shrinking and swelling occur particularly in tangential and radial directions. They cause changes in the shape of wooden elements. According to [17] , shrinking leads to occurrence of surface cracks, particularly with large elements.
The values of shrinking of individual wood species were taken from specialized literature [18] . Tab. 5 provides illustrative comparisons with specialized literature [13] , which shows American, not European wood species evaluation. According to [18] , hornbeam shows the highest shrinkage values of 19.7 %. Maple and oak have the lowest shrinking values of 12.5 and 12.6 %.
Occurrence of knots and straight grains
This criterion was evaluated qualitatively, based on the occurrence of knots and course of grains within the whole set of samples for testing of bending strength and compression strength parallel to grains. A scale for the evaluation was set from 1 (straight grained wood, low occurrence of knots) to 10 (grains twist and turn, high occurrence of knots).
Workability
Workability can be expressed, according to [35] , as a difficulty rate to work the wood including the effect on tool wear. This category was evaluated qualitatively and a scale from 1 to 10 was used for the evaluation. Value 1 was assigned to wood with excellent workability, while the value 10 was assigned to wood that is very hard to work with. -According to [35] , beech and maple are well workable out of the examined wood, oak workability is sufficient, while hornbeam has poor workability properties.
Tab 4 Density of the samples of individual wood species in kg/

Increase of individual species representation in forest composition
The input values for this criterion were determined through subtracting the current forest land area from the recommended forest land area in % specified in [16] . Recommended forest tree species compositions in the Czech Republic are based on an optimized compromise between the natural composition and the most economically suitable forest tree species composition. Selected values and considered increase in forest land area are shown in Tab. 6.
Evaluation of individual species suitability
PROMETHEE (Preference Ranking Organisation
Method for Enrichment Evaluation) methods were used to find suitability of individual hardwood species for reconstructions of building structures. These methods are used for solutions to general decision-making issues. Basic PROMETHEE method elements were introduced by Brans [2] . The calculation using this method consists of five steps, as described in [19] . This method evaluation results are based on a selected preferential function p (d) for each criterion describing the tested subject and on parameters of the function.
Input values for evaluation of individual variants are summarized in Tab. 7.
Individual variants can be compared in a spider chart, which shows values of each criterion on a separate axis (Fig. 5) .Individual values were converted into percentages, where 0 % stands for the worst and 100 % for the best value. The most suitable variant is then the one which occupies the largest area on the graph. Fig. 5 shows that beech occupies the largest area, while hornbeam occupies the smallest area. This evaluation method is just illustrative, since it fails to take into account the gravity of individual criteria. 
Tab. 6 Selected values from
Criteria matrix
Individual criteria have different units, some are maximizing criteria (yields), some are minimizing criteria (costs) (see Tab. 7).
A basic criteria matrix R can be created on the basis of Tab. 7 and written in the form of (1). The basic criteria matrix R is modified into a form of a modified criteria matrix RM with all maximizing criteria by subtracting the criterion value from the worst minimization criterion option, i.e. for evaluation how much a given variant is better than the worst option [12] . The modified criteria matrix RM is shown in the form of (2).
Weight of criteria
Regarding the large number of criteria, the analytic hierarchy process was used. First, the criteria were put into partial groups based on their mutual relationships. Every criteria group was assigned with a standardized criterion weight. Subsequently, every criterion was assigned with a standardized criterion weight. The resulting criterion weight is then the product of the standardized weight of the group and standardized weight of the criterion.
A method of quantitative pair wise comparison (Saaty's method) was used for an assignment of group standardized weight and standardized criteria weights in groups. According to [19] , apart from selecting a preferred criterion, the method determines the size of this preference for every pair of criteria. The preference receives values from 1 (criteria are of the same significance) up to 9 (the first criterion is absolutely more significant than the other one). The size of preferences of the i-th criterion against j-thone are arranged in a Saaty's matrix S= (sij). The elements sij stand for estimates of criteria weights ratios. The matrix is square and reciprocal. If the matrix S is at least partially consistent, the criteria weights can be calculated with the use of standardized geometric average of matrix S lines [10] : (3) where sijor skj is an element of Saaty's matrix; i, j, k are criteria numbers; n is number of criteria.
The calculation of criteria weights is summarized in Tab. 8.Criteria group I -price is considered slightly more significant than criterion II -physical properties. [3] , [15] , [22] and [25] . PROMETHEE method contains 6 basic types of preferential functions. For the needs of the evaluation of suitability of the use of hardwood, the preferential function V was selected for all criteria. The function V was described by Ginevičius in [15] and Montajabiha in [22] : (4) where p (d) is the preferential function, q*is a preference threshold, q* was chosen with 60 % of the maximum differenced, and p* indifference threshold, where p* = -q*.
Tab. 8 Weight values ofi-th criterion
RESULTS AND DISCUSSION
According to [15] , the ranking of alternatives, or wood species, respectively, a1, a2, a3, a4 (Tab . 7) -(j = 1,2,…,n), and ranking of all variants evaluated by PROMETHEE 2 method are summarized in Tab. 9.
Discussion
Based on the results of multiple criteria analysis by PROMETHEE 2 method, the most suitable hardwood from the group (beech, oak, hornbeam, maple) is variant a1 -beech. The highest increase in forest land area is expected for beech, which would lead to the decrease in the price for beech timber. In contrast to other evaluated hardwood, beech has straight grains with low occurrence of knots, on the other hand, it has relatively poor properties in terms of shape stability (shrinking). Regarding mechanical properties and density, beech is comparable to oak. It has the best workability properties, together with maple.
The second in the ranking was variant a2 -oak, the third was a4 maple, and variant a3 hornbeam was considered the least suitable. Hornbeam is the hardest wood grown in the Czech Republic and even though its mechanical properties easily surpass the other evaluated hardwood species, its other unsuitable properties placed this variant in the last position. Hornbeam has the worst workability properties of all the evaluated hardwood species, turning irregular grains, frequent occurrence of knots, and its volume stability is the worst of all the evaluated hardwood due to moisture. Correct selection of criteria and determination of weights are important factors to objectively evaluate the variants with the use of PROMETHEE method. The presented study places a great stress on percentage increase in forest land area, since there is a high likelihood of its influence on the price of timber.
As a comparison, the same calculation was made, but this time with the same weight for all criteria. Still, varianta1 -beech was found the most suitable and varianta3 -hornbeam the least suitable. However, there was a change in the second and third position, where variant a4 -maple was evaluated as the second most suitable. The effect of criterion 4 -density is clearly visible; maple has the lowest density of the evaluated hardwood. In addition, maple, together with oak, shows the lowest volume changes due to moisture (criterion 5); its workability (criterion 7) is comparable to beech.
The calculation could include other criteria as well, while some criteria could be omitted. That particularly holds for strengths, which are included in two criteria. Nevertheless, omitting a single strength would not affect the final ranking. Calculations with modified input conditions were made: placing more stress on mechanical properties (in the step criteria selection Group I -mechanical properties were assigned with slight superiority) was without an effect on the final ranking. Subsequent more significant changes in criteria weights led to changes in positions 2 and 3, potentially 4, but with all tested modifications varianta1 -beech still kept the best ranking in all results. No significant changes occurred with a change of the preferential function to function type I or VI.
CONCLUSION
Although the evaluation by PROMETHEE method is influenced by the attitude of decision makers and their preferences, i.e. it is individual up to a certain extent, the evaluation revealed that the use of beech wood is considered the most suitable of all the evaluated variants even under different modifications of the input conditions.
The advantages of using beech wood are significant, its drawbacks can be relatively easily eliminated by its use in glued and cross laminated elements. Therefore, it is very probable that beech wood will become natural heavy duty material used in the future for designing and building structures from wood.
